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Abstract

Respiratory muscle weakness resulting from both diaphragmatic contractile dysfunction and atrophy has been hypothesized to contribute to the weaning difficulties
associated with prolonged mechanical ventilation (MV). While it is clear that oxidative injury contributes to MV-induced diaphragmatic weakness, the source(s) of
oxidants in the diaphragm during MV remain unknown. These experiments tested the hypothesis that xanthine oxidase (XO) contributes to MV-induced oxidant
production in the rat diaphragm and that oxypurinol, a XO inhibitor, would attenuate MV-induced diaphragmatic oxidative stress, contractile dysfunction, and atrophy.
Adult female Sprague-Dawley rats were randomly assigned to one of six experimental groups: 1) control, 2) control with oxypurinol, 3) 12 h of MV, 4) 12 h of MV with
oxypurinol, 5) 18 h of MV, or 6) 18 h of MV with oxypurinol. XO activity was significantly elevated in the diaphragm after MV, and oxypurinol administration inhibited
this activity and provided protection against MV-induced oxidative stress and contractile dysfunction. Specifically, oxypurinol treatment partially attenuated both protein
oxidation and lipid peroxidation in the diaphragm during MV. Further, XO inhibition retarded MV-induced diaphragmatic contractile dysfunction at stimulation
frequencies >60 Hz. Collectively, these results suggest that oxidant production by XO contributes to MV-induced oxidative injury and contractile dysfunction in the
diaphragm. Nonetheless, the failure of XO inhibition to completely prevent MV-induced diaphragmatic oxidative damage suggests that other sources of oxidant
production are active in the diaphragm during prolonged MV.
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MECHANICAL VENTILATION (MV) is used clinically to defend pulmonary gas exchange in patients who are unable to sustain sufficient alveolar ventilation. Respiratory
failure, spinal cord injury, drug overdose, and surgery are common conditions that render the pulmonary system unable to maintain blood gas homeostasis (12, 19).
While MV supports ventilation in periods of respiratory distress, removal from the ventilator, termed weaning, is often difficult. In fact, problems in weaning patients
from MV are common, whereby ∼25% of patients experience difficulty in weaning from prolonged MV (30). Importantly, weaning procedures can account for almost
half of the total time spent on the ventilator (11), and increased time on the ventilator results in an increased risk for morbidity and mortality.

Numerous investigators (1, 15, 29, 31, 45, 48, 52, 54) have postulated that weaning problems are often linked to inspiratory muscle dysfunction, which results in the
inability of the respiratory muscles to maintain adequate ventilation. In this regard, we and others (1, 5, 6, 15, 16, 29, 31, 35, 36, 45, 48, 49, 52, 54) have shown that
respiratory muscle weakness produced by prolonged MV is due to diaphragmatic contractile dysfunction and atrophy. Moreover, it is now clear that MV-induced
diaphragmatic contractile dysfunction is directly linked to oxidative stress (5, 13, 37, 54, 55, 58). The generation of reactive oxygen species (ROS) in the diaphragm
during MV can damage proteins, lipids, and DNA and interrupt normal cell signaling. For example, oxidation of both actin and myosin occurs in the diaphragm within
the first 6 h of MV (58), and oxidative stress has been directly linked to both an increase in diaphragmatic proteolysis and contractile dysfunction (5, 37). Therefore,
identifying the cellular pathways responsible for ROS production in the diaphragm during MV is important.

Numerous ROS producing pathways exist in skeletal muscle, including NAD(P)H oxidase, nitric oxide synthase (NOS), heme oxygenase-1 (HO-1), mitochondria, and
xanthine oxidase (XO). In this regard, our laboratory has investigated the role of the NOS pathway in MV-induced oxidative stress in the diaphragm. Our findings (55)
reveal that MV-induced oxidative stress in the diaphragm is not due to increases in nitric oxide. Further, we are currently examining the role of NAD(P)H oxidase in the
diaphragm during prolonged MV. Therefore, the present study investigated the role of XO in MV-induced oxidative stress in the diaphragm.

Xanthine oxidoreductase (XOR) is an intracellular enzyme involved in purine catabolism. Specifically, this enzyme catalyzes the reduction of hypoxanthine and
xanthine to uric acid (19, 20, 22). XOR exists in two interconvertible forms, xanthine dehydrogenase (XDH) and XO (18, 20, 57). In the dehydrogenase form, the
enzyme utilizes NAD  as its electron acceptor in purine catabolism. However, when XOR exists in the oxidase form, molecular oxygen is used as the electron acceptor
instead of NAD  and hypoxanthine and xanthine are reduced to uric acid and superoxide. Therefore, in skeletal muscle, the level of superoxide production that occurs
due to this pathway is dependent on the levels of XO present in the fiber. Under basal conditions, XOR exists as XDH at a molecular mass of 150 kDa (57). During
activating conditions, XDH can be converted to XO via sulfhydryl oxidation or proteolytic cleavage. The sulfhydryl oxidation pathway does not alter the molecular
mass of the molecule, whereas the proteolytic processing of XDH results in the cleavage of an ∼15- to 20-kDa fragment, resulting in the formation of an active 130-kDa
form of XO (7, 57).

Abundant evidence (9, 10, 23, 28, 38, 47) indicates that XO plays an essential role in diseased cardiac muscle, and XO has been implicated as a source of oxidant
production in locomotor skeletal muscle during periods of disuse (27, 34). However, it is unclear if XO contributes to oxidant production in the diaphragm during
prolonged MV. Therefore, the objectives of this experiment were twofold: 1) to determine whether XO contributes to MV-induced diaphragmatic oxidative stress and
contractile dysfunction; and 2) to ascertain if inhibition of XO activity attenuates MV-induced diaphragmatic atrophy. We hypothesized that prolonged MV promotes an
increase in oxidant production via increased XO activity and that XO inhibition would attenuate MV-induced oxidative stress, contractile dysfunction, and atrophy.

METHODS

Animals

Four- to six-month-old (young adult) female Sprague-Dawley rats were used in these experiments. The Sprague-Dawley rat was chosen due to similarities with the
human diaphragm in anatomical and physiological parameters, and the size of the animal also permits periodic arterial blood sampling (2, 3, 39, 40, 42, 43). All animals
were housed at the University of Florida Animal Care Services Center according to guidelines set forth by the Institutional Animal Care and Use Committee. Animals
were maintained on a 12:12-h light-dark cycle and provided food (AIN93 diet) and water ad libitum throughout the experimental period.

Experimental Design

Rats were randomly assigned to one of six experimental groups (n = 8): 1) acutely anesthetized control (CON); 2) acutely anesthetized control with oxypurinol, a XO
inhibitor (CONO); 3) 12-h mechanically ventilated (12MV); 4) 12-h MV with oxypurinol (12MVO); 5) 18-h mechanically ventilated (18MV); and 6) 18-h MV with
oxypurinol (18MVO). The Institutional Animal Care and Use Committee of the University of Florida approved these experiments.

Experimental Protocol

Animals in the control groups were acutely anesthetized with an intraperitoneal injection of pentobarbital sodium (60 mg/kg body wt).
After reaching a surgical plane of anesthesia, the control animals were killed and the diaphragms were quickly removed. A strip of the medial costal diaphragm was used
for immediate in vitro contractile measurements, a section was stored in optimum cutting temperature compound for histology, and the remaining portion of the costal
diaphragm was rapidly frozen in liquid nitrogen and stored at −80°C for subsequent analyses.

All surgical procedures were performed using aseptic techniques. Animals in the MV groups were anesthetized with an intraperitoneal injection of pentobarbital
sodium (60 mg/kg body wt), tracheostomized, and mechanically ventilated with a pressure-controlled ventilator (Servo Ventilator 300; Siemens) for 12 or 18 h with the
following settings: upper airway pressure limit: 20 cmH O; pressure control level above positive end-expiratory pressure: 4–6 cmH O; respiratory rate: 80 breaths/min;
and positive end-expiratory pressure: 1 cmH O.

The carotid artery was cannulated to permit the continuous measurement of blood pressure and the collection of blood during the protocol. Arterial blood samples (100
µl per sample) were removed during the first and last hour of MV and analyzed for arterial PO , PCO , and pH using an electronic blood-gas analyzer (GEM Premier
3000; Instrumentation Laboratory, Lexington, MA). Arterial PO  was maintained throughout the experiment by increasing the fraction of inspired oxygen (22–26%
oxygen).

A venous catheter was inserted into the jugular vein for continuous infusion of sodium pentobarbital (∼10 mg·kg ·h ). Body temperature was maintained at 37°C by
use of a recirculating heating blanket, and heart rate was monitored via a lead II electrocardiograph. Continuous care during the MV protocol included lubricating the
eyes, expressing the bladder, removing airway mucus, rotating the animal, and passively moving the limbs. Animals also received an intramuscular injection of
glycopyrrolate (0.04 mg/kg) every 2 h during MV to reduce airway secretions. Upon completion of MV, the diaphragm was quickly removed and a strip of the medial
costal diaphragm was used for in vitro contractile measurements, a section was stored in optimum cutting temperature compound for histology, and the remaining
portion was frozen in liquid nitrogen and stored at −80°C for subsequent analyses.

Animals in the oxypurinol groups (CONO, 12MVO, and 18MVO) received two intraperitoneal injections of oxypurinol (25 mg/kg body wt)
24 h before treatment. Further, an additional 25 mg/kg body wt was administered via an intraperitoneal injection 12–18 h before death in the CONO animals and via
infusion over a 20-min period before the initiation of MV in the 12MVO and 18MVO groups. This protocol has been reported to effectively inhibit XO activity in rat
skeletal muscle (25).

Biochemical Measures

The activities of XDH and XO were assayed using a fluorometric assay according to Beckman et al. (4). The principle of the assay involves the
conversion of pterin into the fluorescent product isoxanthopterin. The rate of product formation with oxygen as the electron acceptor represents the activity of XO,
whereas the combined activities of XO and XDH are measured with methylene blue as the electron acceptor. In brief, a section of the costal diaphragm was
homogenized in a buffer containing 50 mM potassium phosphate, 0.1 mM EDTA, 0.25 M sucrose, and 0.2 mM PMSF (pH 7.4). The homogenates were centrifuged at
40,000 g for 30 min at 4°C. The supernatant was collected and assayed immediately. XO activity was determined by the addition of 10 µM of pterin to the supernatant,
while 10 µM of methylene blue were added to determine total XO + XDH (XOR) activity. The conversion of pterin to the fluorescent product isoxanthopterin was
monitored fluorometrically at an excitation of 345 nm and an emission of 390 nm at 37°C.

Hypoxanthine and xanthine were measured using the Amplex red xanthine/xanthine oxidase assay kit from Invitrogen (Eugene,
Oregon), as described by the manufacturer and normalized to protein concentration. A section of the costal diaphragm was homogenized 1:30 (wt/vol) in PBS. Samples
were centrifuged at 3,500 g for 30 min at 4°C. After the resulting supernatant was collected, diaphragmatic protein content was assessed by the method of Bradford
(Sigma, St. Louis, MO). Approximately, 50 µl of the supernatant were reacted with the assay cocktail solution for 30 min at 37°C in the dark. Absorbance was read at
560 nm. Hypoxanthine and xanthine standards were prepared, and concentrations were calculated based on the standard curves.

Uric acid levels in the diaphragm were assessed using the uric acid assay kit from BioAssay Systems (Hayward, CA) as described by the manufacturer.
Approximately 20 µl of supernatant were reacted with the assay cocktail solution for 30 min at room temperature. Absorbance was read at 590 nm. A uric acid standard
was prepared, and concentrations were calculated based on this standard.

A section (50–75 mg) of the costal diaphragm was homogenized and assayed to quantitatively determine the protein levels of 4-hydroxynonenal
(4-HNE) and XO. 4-HNE was probed as a measurement indicative of oxidative stress, while XO was performed to visualize both the 150-kDa band of XOR (both XDH
and XO) and the 130-kDa band of XOR (XO). Diaphragm tissue samples were homogenized 1:10 (wt/vol) in 5 mM Tris (pH 7.5) and 5 mM EDTA (pH 8.0) with a
protease inhibitor cocktail (Sigma) and centrifuged at 1,500 g for 10 min at 4°C. After the resulting supernatant was collected, diaphragmatic protein content was
assessed by the method of Bradford (Sigma). Proteins (60–75 µg) were then separated by PAGE via 4–20% gradient polyacrylamide gels containing 0.1% SDS for ∼1 h
at 200 V. After electrophoresis, the proteins were transferred to nitrocellulose membranes. To control for protein loading and transfer differences, membranes were
stained with Ponceau S and images were acquired and analyzed using the 440CF Kodak Imaging System (Kodak, New Haven, CT). The membranes were washed and
subsequently blocked in Li-Cor blocking buffer (Li-Cor Biosciences, Lincoln, NE) for 2 h at room temperature and subsequently incubated overnight at 4°C with a
primary antibody directed against 4-HNE (ab46544; Abcam, Cambridge, MA) or XO (sc-20991; Santa Cruz Biotechnology, Santa Cruz, CA). Primary antibodies were
diluted 1:1,000 for 4-HNE and 1:500 for XO. This step was followed by incubation at room temperature with Alexa Fluor 680 goat anti-rabbit IgG (1:30,000) directed
against the primary antibody for 1 h and protected from light. The membranes were scanned and analyzed with the Li-Cor Odyssey Infrared Imager (Li-Cor
Biosciences) using Odyssey 2.1 software.

Protein carbonyl and total GSH levels in the diaphragm were analyzed as biomarkers of oxidative stress. Diaphragmatic
protein carbonyls were measured in 40–50 mg of total costal diaphragm muscle using a commercially available ELISA (Biocell PC Test; Northwest Life Science
Specialties, Vancouver, WA), according to the manufacturer's instructions. Total glutathione content was measured as an indicator of nonenzymatic antioxidant status
using a commercially available kit according to the manufacturer's instructions (703002; Cayman Chemical, Ann Arbor, MI).

Functional Measures

Upon death or the completion of the ventilation period, the entire diaphragm was removed and placed in
a dissecting chamber containing a Krebs-Hensleit solution equilibrated with a 95% O -5% CO  gas. A muscle strip, including the tendinous attachments at the central
tendon and rib cage, was dissected from the midcostal region. The strip was suspended vertically between two lightweight Plexiglas clamps with one end connected to
an isometric force transducer (model FT-03; Grass Instruments, Quincy, MA) within a jacketed tissue bath. The force output was recorded via a computerized data-
acquisition system (Super Scope II, GW Instruments, Somerville, MA; Apple Computer, Cupertino, CA). The tissue bath was filled with Krebs-Hensleit saline, and
buffer was aerated with gas (95% O -5% CO ), pH was maintained at 7.4, and the osmolality of the bath was ∼290 mosmol/kgH O. After a 15-min equilibration period
(25°C), in vitro diaphragmatic contractile measurements were made. The muscle strip was stimulated along its entire length with platinum wire electrodes (modified
S48 stimulator; Grass Instruments) by using supramaximal (∼150%) stimulation voltage to determine the optimum contractile length (L ). L  was determined by
systematically adjusting the length of the muscle using a micrometer while evoking single twitches. Thereafter, all contractile properties were measured isometrically at
L . To measure the force frequency response, each strip was stimulated supramaximally with 120-V pulses at 15–160 Hz. The duration of each train was 500 ms to
achieve a force plateau. Contractions were separated by a 2-min recovery period. For comparative purposes, diaphragmatic (bundles of fibers) force production was
normalized as specific optimal force. The total muscle cross-sectional area (CSA) at right angles to the long axis was calculated by the following algorithm (50): total
muscle CSA (mm ) = [muscle mass/(fiber length × 1.056)], where 1.056 is the density of muscle (in g/cm ). Fiber length was expressed in centimeters measured at L
(45).

Histological Measures

Sections from frozen diaphragm samples were cut at 10 µm using a cryotome (Shandon, Pittsburgh, PA) and stained for dystrophin and myosin heavy
chain I and myosin heavy chain type IIa proteins for fiber CSA as described previously (35). CSA was determined using Scion software (National Institutes of Health).

Statistical Analysis

Data are presented as means ± SE. Comparisons between groups for each dependent variable were made by one-way ANOVA, and, when appropriate, a Tukey's
honestly significant difference test was performed post hoc. Significance was established at P < 0.05.

RESULTS

Systemic and Biologic Response to MV

Heart rate, systolic blood pressure, and colonic (body) temperature were maintained relatively constant during the MV protocols (heart rate range = 300–420 beats/min;
systolic blood pressure = 70–130 mmHg; and temperature = 36–37°C). Importantly, no significant differences existed between experimental groups in any of these
measures. The arterial partial pressures of O  (Pa ) and CO  (Pa ) were also maintained relatively constant during MV. Specifically, Pa  ranged from 65 to 100
Torr, whereas Pa  ranged from 32 to 42 Torr. Animals weighed between 280–320 g before the experimental procedures, and neither the 12-h nor the 18-h MV
protocol altered body weight (P > 0.05). In addition, at the completion of the MV protocols, there were no visual abnormalities of the lungs or peritoneal cavity, no
evidence of lung infarction, and no evidence of infection, indicating that our aseptic surgical technique was successful.

XDH and XO Activities

XOR, XDH, and XO activities from control, mechanically ventilated, and mechanically ventilated animals with oxypurinol are shown in Table 1. Compared with
control, 12 h of MV resulted in a decrease in XDH activity (−25%; P < 0.05) and an increase in XO activity (+27%; P < 0.05). Oxypurinol administration in these
animals restored both XDH and XO activities to control values. While prolonged (18 h) MV tended to increase XDH activity above control, it did not reach statistical
significance. However, 18 h of MV significantly increased XO activity in the diaphragm (+45%; P < 0.05). Oxypurinol administration in the 18-h MV animals resulted
in a further increase in XDH activity above control but completely reduced XO activity to control values.

Since the level of superoxide production that occurs in skeletal muscle by the XO pathway is dependent on the levels of XO to XDH in the muscle, we calculated the
ratio of XO to XDH in our experimental groups. Both 12 and 18 h of MV resulted in a significant increase in XO to XDH activity (Table 1). Although oxypurinol
administration in the group of control animals did not alter the ratio of XO to XDH, oxypurinol attenuated the increase in XO to XDH activity in our MV animals.
Collectively, these results show that MV results in an increase in XO activity and that oxypurinol is an effective pharmacological agent to inhibit XO activity in the
diaphragm during MV.

XOR Protein Levels

XOR exists in two alternative forms that are derived from the same gene product (21). Initially, XOR is synthesized as a 150-kDa protein from which both XDH (150
kDa) and XO (150 and/or 130 kDa) are derived (57). Only prolonged (18 h) MV resulted in an increase in the 150-kDa band of XOR (P < 0.05; Fig. 1, A and B).
Moreover, oxypurinol administration resulted in a significant increase in the 150-kDa band of XOR in both the 12- and 18-h MV experimental groups. In contrast,
oxypurinol treatment did not alter XOR (150 kDa) protein abundance in the diaphragm of control animals. Thus prolonged MV increases XOR protein (150 kDa)
expression in the diaphragm.

Whereas both XDH and XO may exist in the diaphragm muscle as a 150-kDa band of XOR, only XO exists as a 130-kDa band of XOR. Both 12 and 18 h of MV
resulted in an increase in the 130-kDa band of XOR (Fig. 1, A and C), and oxypurinol administration did not alter XO protein levels of either control or mechanically
ventilated animals. Hence, MV results in a significant increase in the protein levels of XO (130 kDa) in the diaphragm.

Diaphragmatic Hypoxanthine and Xanthine Levels

MV resulted in a significant decrease in hypoxanthine levels in the diaphragm (Table 2). Specifically, 12 h of MV resulted in an 18% decrease in hypoxanthine and 18 h
resulted in a 37% decrease. While oxypurinol administration restored hypoxanthine levels after 12 h of MV, oxypurinol did not significantly alter hypoxanthine levels
during prolonged (18 h) MV.

Similar to hypoxanthine, both MV durations resulted in a decrease in xanthine levels in the diaphragm (P < 0.05; Table 2). Twelve hours of MV resulted in a 31%
decrease in xanthine, whereas 18 h resulted in a 41% decrease. XO inhibition via oxypurinol administration significantly attenuated the decrease in xanthine at both 12
and 18 h of MV. Thus both MV durations resulted in a decrease in the level of purine substrates in the diaphragm. However, unlike hypoxanthine, oxypurinol
administration significantly attenuated the MV-induced decrease in xanthine levels in the diaphragm.

Diaphragmatic Uric Acid Levels

Twelve and eighteen hours of MV resulted in a 15 and 42% increase in uric acid formation in the diaphragm, respectively (P < 0.05; Fig. 2). Although oxypurinol
administration tended to attenuate the increase in uric acid at the 12 h time point, it did not reach significance (P = 0.09). In contrast, oxypurinol administration
significantly attenuated the formation of uric acid in our 18-h MV animals. Thus MV results in an increase in uric acid in the diaphragm. This coincides with the MV-
induced increase in XO activity and depletion of the purine substrates.

Oxidative Stress

Protein carbonyl formation is a general indicator of protein oxidation and commonly used to measure oxidative stress. Twelve hours of MV resulted in a significant
increase in protein carbonyl formation in the diaphragm (P < 0.05; Fig. 3A), and there was a strong trend (P = 0.07) for oxypurinol administration to attenuate this
increase. Prolonged (18 h) MV further elevated the levels of protein carbonyls when compared with 12 h of MV (P < 0.05). While oxypurinol administration attenuated
the increase in protein carbonyls at the 18-h time point, protein carbonyl formation remained significantly elevated when compared with control. Thus XO inhibition
only partially attenuates MV-induced protein oxidation in the diaphragm.

4-HNE is the primary adduct formed during the lipid peroxidation cascade and is commonly used to assess protein oxidative damage. Both 12 and 18 h of MV resulted
in a significant increase in diaphragmatic 4-HNE (Fig. 3, B and C). Importantly, XO inhibition via oxypurinol attenuated the MV-induced accumulation of 4-HNE.
Therefore, XO activity contributes to MV-induced oxidative stress by the fact that XO inhibition reduces protein oxidation and significantly attenuates lipid peroxidation
in the diaphragm.

GSH is the major nonenzymatic antioxidant in cells, and depletion of cellular stores is a biomarker of oxidative stress. Both 12 and 18 h of MV resulted in a decrease in
total GSH levels (P < 0.05; Fig. 3D), and inhibition of XO did not attenuate this decrease. Consequently, MV results in the depletion of the GSH antioxidant defense of
the diaphragm and XO inhibition does not rescue this depletion.

Diaphragmatic Contractile Dysfunction

Mean maximal force-frequency responses from control and MV animals with and without oxypurinol are presented in Fig. 4. Both 12 and 18 h of MV shifted the force-
frequency response to the right and downward compared with control. Both 12 and 18 h of MV resulted in a significant reduction (∼24%) in the specific force of the
diaphragm compared with the control groups at all stimulation frequencies. Treatment with oxypurinol (12MVO and 18MVO) attenuated the MV-induced
diaphragmatic dysfunction at stimulation frequencies >60 Hz. Hence, XO inhibition partially attenuates MV-induced contractile dysfunction.

Diaphragm Myofiber Atrophy

We observed a significant decrease in diaphragmatic type I fiber CSA after 12 and 18 h of MV (Fig. 5, A and B). Although oxypurinol administration tended to attenuate
the MV-induced decrease in type I myofiber CSA, it did not reach statistical significance (P = 0.1). Diaphragmatic type IIa fiber CSA followed the same pattern as the
type I fibers, whereby both 12 and 18 h of MV resulted in a significant reduction in type IIa fiber CSA (Fig. 5, A and C). There was a trend (P = 0.07) for oxypurinol
administration to attenuate the decrease in type IIa CSA after 12 h of MV. Finally, significant decreases in CSA for type IIx/IIb fibers were observed in diaphragms from
both MV groups (Fig. 5, A and D) and no significant differences existed in fiber CSA between control and oxypurinol-treated MV animals. Therefore, while XO
contributed to both MV-induced oxidative stress and contractile dysfunction, XO inhibition did not appear to attenuate diaphragmatic atrophy during MV.

DISCUSSION

Overview of Principal Findings

These experiments provide new and important information regarding the effect of the XO pathway on oxidant production in the diaphragm during prolonged MV. We
hypothesized that XO is activated in the diaphragm during MV and that XO inhibition would attenuate MV-induced diaphragmatic oxidative stress and contractile
dysfunction. Our results support this postulate, as XO inhibition partially diminished MV-induced oxidative stress and contractile dysfunction. Further, we predicted that
XO inhibition would retard MV-induced diaphragmatic atrophy. However, our results did not support this postulate, as oxypurinol failed to attenuate the MV-induced
reduction of diaphragmatic myofiber CSA. A detailed discussion of these findings follows.

MV-induced Induction of XO Activity

The XOR family, which consists of XDH and XO, is present in almost all mammalian cells and is located in both rat and human skeletal muscle. However, compared
with human skeletal muscle, rat muscle appears to contain higher levels of XOR (32). The oxidase form of XOR, XO, produces superoxide in the catabolism of the
purine substrates (i.e., xanthine and hypoxanthine) to uric acid. Therefore, the XO pathway is a potential source of ROS production in biological systems. Our findings
reveal that diaphragmatic XO activity increased during MV, as indicated by the increase in XO enzymatic activity and XO protein abundance (130-kDa band) in the
diaphragm. Moreover, XO substrates (i.e., hypoxanthine and xanthine) were depleted in the diaphragms of MV animals, while uric acid, an end product of enzymatic
activity, was significantly elevated.

Interestingly, prolonged (18 h) MV promoted an increase in the 150-kDa band of XOR along with a concomitant increase in total XOR activity in the diaphragm. This
finding could be due to an increase in XOR protein synthesis and/or a decrease in XOR protein degradation. It is also possible that XOR substrate availability increased
during prolonged MV. Nonetheless, our results do not provide a definitive explanation for the observed increase in MV-induced diaphragmatic XOR protein abundance
or total XOR enzyme activity.

As expected, pharmacological inhibition of XO via oxypurinol administration blocked the MV-induced induction of diaphragmatic XO activity and uric acid formation.
However, oxypurinol administration had no effect on the protein levels of XOR in the diaphragm. We did not anticipate that oxypurinol would alter the protein
expression of XOR because oxypurinol is a pharmacological inhibitor of XO activity and has not been linked to XO protein expression. In this regard, oxypurinol binds
to the XO enzyme at the molybdenum cofactor; this prevents hypoxanthine or xanthine binding to XO and, subsequently, prevents purine catabolism. Therefore,
although oxypurinol effectively inhibited XO activity after both 12 and 18 h of MV, it did not alter XOR protein expression. Interestingly, oxypurinol administration in
the 12-h MV animals increased the abundance of the 150-kDa band of XOR above the 12-h MV animals. Although our results do not provide a definitive explanation
for this observation, it appears that XO inhibition may produce a feedback signal in which the diaphragm attempts to compensate for the pharmacological inhibition of
XO enzymatic activity by producing more XOR protein.

XO Inhibition during MV Attenuates Diaphragmatic Oxidative Stress and Contractile Dysfunction

It is clear that MV-induced oxidative stress is a major contributor to MV-induced diaphragmatic contractile dysfunction (5, 13, 24, 36, 54, 55, 58). Therefore, we
postulated that if diaphragmatic XO activity was increased during MV, XO-mediated oxidant production would contribute to MV-induced diaphragmatic oxidative stress
and contractile dysfunction. Our results support this postulate, as XO inhibition decreased protein oxidation and lipid peroxidation in the diaphragm during MV.

The failure of oxypurinol to completely prevent oxidative stress in the diaphragm during MV does not appear to be due to an ineffective dose of oxypurinol. Indeed,
oxypurinol treatment (50 mg·kg ·day  for 2 days) has been shown to cause a >80% inhibition of XO activity (59). Importantly, our results indicate that our dose of
oxypurinol effectively inhibited purine substrate binding and prevented the enzyme from catalyzing the conversion of the substrates into superoxide and uric acid. The
observation that oxypurinol partially blocked oxidative stress in the diaphragm during MV supports our hypothesis that XO plays a role in the production of ROS in the
diaphragm during MV but suggests that XO is not the only source of ROS in the diaphragm.

Based on our finding that XO inhibition was associated with decreased oxidative stress in the diaphragm, we anticipated that XO inhibition would significantly attenuate
the contractile dysfunction that is normally observed with MV. Our results partially support this notion, as XO inhibition attenuated the decrease in diaphragmatic
specific force at stimulation frequencies >60 Hz. This result is consistent with Matuszczak et al. (34), who found that XO inhibition via allopurinol lessened contractile
dysfunction of locomotor skeletal muscle caused by prolonged unloading.

The fact that oxypurinol administration during MV attenuated both diaphragmatic XO activity levels and improved contractile function suggests that free radical
damage contributed to the contractile dysfunction. Indeed, it is well established that numerous redox events influence muscle force production and ROS can modulate a
variety of cellular processes that limit contractile force (46). The observation that oxypurinol therapy shifted the force-frequency curve toward control suggests a direct
effect of oxypurinol in attenuating ROS-mediated contractile dysfunction. A similar finding was noted recently by Kogler et al. (26), who found that oxypurinol
enhanced cardiac muscle twitch tension in spontaneously hypertensive, heart failure-prone rats without alterations in intracellular calcium amplitudes.

Although XO inhibition prevented some of the decrease in diaphragmatic dysfunction, it did not completely restore contractile function to control. The partial protection
of contractile function with XO inhibition may be due to ROS generation from additional pathways. In our MV model, XO may work in conjunction with other oxidant-
producing pathways in the diaphragm to generate free radicals. This theory is logical given that oxypurinol only inhibits XO activity and does not inhibit ROS
production from other oxidant producing pathways and the fact that the MV-induced oxidative stress was not completely restored with XO inhibition. Accordingly, ROS
generation from another pathway could theoretically contribute to both the MV-induced oxidative stress and contractile dysfunction that is observed in the diaphragm
that is not restored with XO inhibition.

Interestingly, our findings reveal that XO inhibition does not protect the diaphragm from MV-induced force deficits below a stimulation frequency of 60 Hz. Why XO
inhibition only protected the diaphragm against MV-induced contractile dysfunction at stimulation frequencies >60 Hz is unclear. Our prior work (5) indicates that
prevention of MV-induced diaphragmatic oxidative stress via the antioxidant Trolox rescues diaphragmatic contractile dysfunction at both low and high stimulation
frequencies. Therefore, it is conceivable that XO-mediated ROS production may only play a minor role in overall ROS production in the diaphragm during MV such
that XO inhibition fails to provide significant protection against radical-mediated diaphragmatic weakness at low stimulation frequencies. Future studies will be required
to provide a more mechanistic explanation for the failure of oxypurinol administration to protect the diaphragm against MV-induced contractile dysfunction.

The failure of XO inhibition to protect the diaphragm against MV-induced contractile deficits at low stimulation frequencies may be physiologically important. Indeed,
during normal resting breathing, the force requirement for the diaphragm muscle is well below maximal and respiratory activity is regulated by neuronal firing
frequencies between 5 and 30 Hz (14). It follows that pharmacological inhibition of XO activity in the diaphragm during prolonged MV may not be a physiologically
useful countermeasure against MV-induced diaphragmatic contractile dysfunction.

XO Inhibition Fails to Attenuate MV-Induced Diaphragmatic Atrophy

Oxidant production in the diaphragm during MV is associated with catabolic signals that initiate the progression of skeletal muscle atrophy (5, 36, 44, 54, 58). In an
effort to understand the physiological connection between oxidative stress and atrophy, several studies (5, 36, 51) have successfully utilized antioxidant therapies to
effectively prevent myofiber atrophy in models of skeletal muscle disuse. Based on our finding that XO inhibition via oxypurinol administration attenuated MV-induced
oxidative stress, we anticipated that oxypurinol would significantly retard MV-induced atrophy. However, our results do not support this hypothesis, as oxypurinol
administration failed to prevent MV-induced diaphragm fiber atrophy.

The signaling events responsible for the progression of diaphragmatic atrophy during MV are not well understood, but radical production is a required upstream signal
to promote MV-induced diaphragmatic atrophy (5, 24, 54, 58). During MV, oxidative injury in the diaphragm can promote proteolysis and potentially suppress protein
synthesis (8, 36, 37, 53). Additionally, both calpain and caspase-3 proteases are believed to specifically target oxidized myofilaments and cleave proteins that anchor the
contractile elements to the myofilament (17, 41, 56). In this regard, our laboratory (35) has shown that caspase-3 plays a critical role in skeletal muscle atrophy, as
pharmacological inhibition of caspase-3 activity retards diaphragmatic atrophy during 12 h of MV. Further, Maes et al. (33) have shown that calpain inhibition attenuates
diaphragmatic atrophy and contractile dysfunction during prolonged (i.e., 24 h) MV. Although we did not measure caspase-3 or calpain activity in this experiment, the
finding that inhibition of XO did not protect against MV-induced diaphragmatic atrophy provides additional support for the notion that XO is not the only active oxidant
production pathway in the diaphragm during prolonged MV.

Critique of Experimental Model

Because of the invasive nature of removing diaphragm samples, animal models are commonly used to study the effects of MV on respiratory muscle function and
biochemistry. Considerations in the choice of an animal model include both practical considerations (i.e., size of animal) and the applicability of the animal model to
humans. In this regard, we chose the rat model for several reasons. First, adult rats are of adequate size to permit surgical procedures and removal of several arterial
blood samples for blood-gas analysis during prolonged MV. Furthermore, and most importantly, human and rat diaphragms are similar in fiber-type composition, gross
anatomical features, and function (2, 3, 39, 40, 42, 43).

We selected pentobarbital sodium as the general anesthetic in these experiments because of evidence that this anesthetic, when used in low doses, does not negatively
effect diaphragm contractile function, does not promote muscle atrophy, and is not associated with oxidative stress in skeletal muscle (5, 29, 54, 58). We chose acutely
anesthetized animals as controls in these experiments because we have previously documented that long-term exposure to anesthesia does not promote diaphragmatic
atrophy or contractile dysfunction in spontaneously breathing animals (54, 58).

As mentioned previously, XOR protein levels may differ between rat and human skeletal muscle. Specifically, rat locomotor skeletal muscle appears to contain higher
levels of XOR than human locomotor skeletal muscle (32). Unfortunately, it is currently unknown if human and rat diaphragms differ in the abundance of XOR.
Therefore, it is unclear if XOR is a significant contributor to oxidative stress in the human diaphragm during prolonged MV.

Conclusions

This study provides the first evidence that rat diaphragmatic XO activity contributes to MV-induced oxidative stress and contractile dysfunction. Specifically, our
findings reveal that XO inhibition attenuates MV-induced oxidative stress and eliminates some of the contractile dysfunction that is normally observed with MV.
Importantly, these results suggest that pharmacological inhibition of XO activity could be a potential therapeutic strategy to retard MV-induced oxidative stress and
contractile dysfunction in the diaphragm during prolonged MV. Our results also suggest that, in addition to XO, other ROS-generating pathways are active in the
diaphragm during prolonged MV and additional experiments are required to determine the sources of these oxidants. A complete understanding of radical producing
pathways in the diaphragm during MV will be beneficial in the development of effective and safe countermeasures for preventing respiratory muscle weakness during
prolonged MV.
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Figures and Tables

Fig. 1.

Xanthine oxidoreductase (XOR) protein abundance in diaphragm skeletal muscle. A: representative Western blot for the analysis of XOR (150 and 130 kDa) protein in diaphragm
samples from control (CON), control with oxypurinol (CONO), 18-h mechanical ventilation (18MV), and 18-h mechanical ventilation with oxypurinol administration (18MVO). B:
fold changes (vs. control) of XOR protein (150-kDa band). C: fold changes vs. control of XOR protein (130-kDa band). Values are mean fold change ± SE. *Significantly increased vs.
CON (P < 0.05). Significantly increased vs. CONO (P < 0.05). Significantly increased vs. 12MV (P < 0.05). Significantly increased vs. 12MVO (P < 0.05).

Fig. 2.

Uric acid levels in diaphragm samples. Values are means ± SE. *Significantly increased vs. CON (P < 0.05). Significantly increased vs. CONO (P < 0.05). Significantly increased vs.
12MV (P < 0.05). Significantly increased vs. 12MVO (P < 0.05). Significantly decreased vs. 18MV (P < 0.05).

Fig. 3.

Effects of oxypurinol administration on diaphragm oxidative stress during MV. A: protein carbonyl formation. B: representative Western blot for the analysis of 4-hydroxynonenal (4-
HNE)-modified proteins at molecular masses of 70, 37, and 19 kDa in diaphragm samples from CON, CONO, 18MV, and 18MVO. C: fold changes (vs. control) of 4-HNE
accumulation in diaphragm samples. D: total glutathione concentrations in diaphragm samples. Values are means ± SE. *Significantly different vs. CON (P < 0.05). Significantly
different vs. CONO (P < 0.05). Significantly different vs. 12MV (P < 0.05). Significantly different vs. 12MVO (P < 0.05). Significantly decreased vs. 18MV (P < 0.05).

Fig. 4.

Diaphragmatic force-frequency response (in vitro) of diaphragm samples. Values are mean ± SE. *12MV, 12MVO, 18MV, and 18MVO significantly decreased vs. CON and CONO (P
< 0.05). 12MV and 18MV significantly decreased vs. CON and CONO (P < 0.05). 18MV significantly decreased vs. 12MVO and 18MVO (P < 0.05).

Fig. 5.

Fiber cross-sectional area (CSA) in diaphragm skeletal muscle myofibers expressing myosin heavy chain (MHC) I (type I), MHC IIa (type IIa), and MHC IIx/IIb (type IIx/IIb). A:
representative fluorescent staining of MHC I (DAPI filter/blue), MHC IIa (FITC filter/green), and dystrophin (rhodamine filter/red) proteins in diaphragm samples from CON, CONO,
18MV, and 18MVO. B: type I fiber CSA. C: type IIa fiber CSA. D: type IIx/IIb fiber CSA. Values are mean ± SE. *Significantly different vs. CON (P < 0.05). Significantly different
vs. CONO (P < 0.05). Significantly different vs. 12MVO (P < 0.05).

Table 1.

XOR, XDH, and XO activities in the diaphragm from control, mechanically ventilated, and mechanically ventilated animals with oxypurinol

Group XOR, µmol·min ·g XDH, µmol·min ·g XO, µmol·min ·g XO/XDH

CON 0.130±0.004 0.075±0.006 0.055±0.002 0.69±0.09

CONO 0.148±0.004 0.088±0.010 0.060±0.005 0.59±0.06

12MV 0.126±0.004 0.056±0.003a b 0.070±0.003a 1.28±0.11a b

12MVO 0.126±0.004 0.078±0.002 0.048±0.005c 0.62±0.08c
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18MV 0.165±0.007a c d 0.085±0.008 0.080±0.005a b d 1.06±0.05a b d

18MVO 0.183±0.008a b c d 0.126±0.013a b c d e 0.057±0.006e 0.48±0.09c e

Values are means ± SE. XOR, xanthine oxidoreductase; XDH, xanthine dehydrogenase; XO, xanthine oxidase; CON, control; CONO, control with oxypurinol; 12MV, 12-h mechanical
ventilation; 12MVO, 12MV with oxypurinol; 18MV, 18-h mechanical ventilation; 18MVO, 18MV with oxypurinol.

Significantly different vs. CON (P < 0.05).
Significantly different vs. CONO (P < 0.05).
Significantly different vs. 12MV (P < 0.05).
Significantly different vs. 12MVO (P < 0.05).
Significantly different vs. 18MV (P < 0.05).

Table 2.

Hypoxanthine and xanthine levels in the diaphragm from control, mechanically ventilated, and mechanically ventilated animals with oxypurinol

Substrate CON CONO 12MV 12MVO 18MV 18MVO

Hypoxanthine, µM/mg protein 15.81±0.30 12.06±0.71a 12.83±0.73a 15.86±0.64b 9.90±0.52a b c d 10.52±0.55a d

Xanthine, µM/mg protein 27.77±1.64 29.62±1.87 19.06±0.86a b 27.18±0.28c 16.34±1.69a b d 29.48±0.65c e

Values are mean ± SE.

Significantly different vs. CON (P < 0.05).
Significantly different vs. CONO (P < 0.05).
Significantly different vs. 12MV (P < 0.05).
Significantly different vs. 12MVO (P < 0.05).
Significantly different vs. 18MV (P < 0.05).
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